The cutting of metals has long been described as occurring by laminar plastic flow. Here we show that for metals with large strain-hardening capacity, laminar flow mode is unstable and cutting instead occurs by plastic buckling of a thin surface layer. High speed in situ imaging confirms that the buckling results in a small bump on the surface which then evolves into a fold of large amplitude by rotation and stretching. The repeated occurrence of buckling and folding manifests itself at the mesoscopic scale as a new flow mode with significant vortex-like components-sinuous flow. The buckling model is validated by phenomenological observations of flow at the continuum level and microstructural characteristics of grain deformation and measurements of the folding. In addition to predicting the conditions for surface buckling, the model suggests various geometric flow control strategies that can be effectively implemented to promote laminar flow, and suppress sinuous flow in cutting, with implications for industrial manufacturing processes. The observations impinge on the foundations of metal cutting by pointing to the key role of stability of laminar flow in determining the mechanism of material removal, and the need to reexamine long-held notions of large strain deformation at surfaces.
The cutting of metals has long been described as occurring by laminar plastic flow. Here we show that for metals with large strain-hardening capacity, laminar flow mode is unstable and cutting instead occurs by plastic buckling of a thin surface layer. High speed in situ imaging confirms that the buckling results in a small bump on the surface which then evolves into a fold of large amplitude by rotation and stretching. The repeated occurrence of buckling and folding manifests itself at the mesoscopic scale as a new flow mode with significant vortex-like components-sinuous flow. The buckling model is validated by phenomenological observations of flow at the continuum level and microstructural characteristics of grain deformation and measurements of the folding. In addition to predicting the conditions for surface buckling, the model suggests various geometric flow control strategies that can be effectively implemented to promote laminar flow, and suppress sinuous flow in cutting, with implications for industrial manufacturing processes. The observations impinge on the foundations of metal cutting by pointing to the key role of stability of laminar flow in determining the mechanism of material removal, and the need to reexamine long-held notions of large strain deformation at surfaces.
Introduction
The cutting of a metal by a sharp two-dimensional wedge (tool) is a model system central to industrial processes such as machining, polishing and drilling [1, 2] ; micromachining applications such as skiving [3] and microtomy [4] ; and wear in sliding contacts [5, 6] . In this system, a thin sliver of material is removed-the chip-as the wedge is driven against the continuously moving material (workpiece). A well-known, yet puzzling, fact is that cutting a ductile metal (e.g. Cu, Al) in the soft annealed state vis-à-vis a pre-hardened one involves much larger forces, energy dissipation and the formation of a very thick chip that is about 10 to 15 times the thickness of the 'undeformed' chip [7] [8] [9] . Additionally, the chip has a distinct morphology comprising mushroomlike structures on its back surface. This feature is in contrast to other chip morphologies that may be clearly associated with segmentation or shear banding processes [8] .
In examining the long-standing belief that this thick chip forms by smooth laminar plastic flow [1, 2, 10] and is responsible for the large forces, we recently uncovered a new mesoscopic mode of flow in ductile metals-sinuous flow-characterized by large-amplitude folding and strong vortex-like components [11] . This type of flow is distinct from other well-known non-laminar flow modes such as shear banding [12, 13] and kinking [14] . High-speed in situ observations were able to decipher the key features of the sinuous flow evolution and demonstrate that the large forces and thick chip are a natural consequence of this peculiar flow mode. Sinuous flow is undesirable in manufacturing and materials processing because of its deleterious effects on surface quality (e.g. poor finish, defects) [2, 8] and the large forces.
Repeated material folding, a signature of the sinuous flow, enables large material shape transformation thereby invalidating the fundamental assumption of laminar flow when cutting highly ductile metals. Folding as a general flow mechanism is widespread in nature at various length scales and in different materials-ranging from rivers and rocks [15] on geological scales to elastomers [16, 17] in the centimetre range, and to long protein molecule chains on the nanometre scale [18] . In each of these cases, a distinct mechanism drives the folding, for example, temperature change or large compressive stress.
In this work, we demonstrate that sinuous flow with folding is triggered by a plastic buckling instability on the workpiece surface. We present an analytical model that predicts the type of flow observed (sinuous or laminar) as a function of material parameters and loading conditions. When coupled with direct in situ observations of grain-scale deformation and dynamics, this provides a two-level description of sinuous flow. On the continuum level, i.e. centimetre length scale, plastic buckling of the surface just ahead of the tool initiates folding; while at the microscopic level (µm), the material microstructure influences its subsequent development causing variations in fold shape, width and amplitude. The model presented also suggests methods for suppressing the sinuous flow and promoting laminar flow, thereby offering opportunities for enhancing the quality of surfaces created by manufacturing processes.
The manuscript is organized as follows. The experimental set-up is described in §2. The primary observations of sinuous flow and grain-level plastic deformation, along with an analytical model, are presented in §3. The implications of our study are discussed in §4 and concluding remarks are presented in §5.
Experimental set-up
The experimental set-up for cutting consists of a hard tool moving relative to a workpiece at velocity V 0 (figure 1). The tool face was fixed normal to the cutting velocity, with variable rake angle α. The workpiece material was constrained on one side, and plastically deformed to large strains under plane-strain conditions. As the workpiece moved against the tool, a layer of thickness h 0 , also called the undeformed chip thickness, was plastically deformed to form the chip. The undeformed chip thickness h 0 was set nominally at 50 µm. A nominal sliding velocity V 0 = 0.5 mm s −1 was used, at which temperature effects are negligible.
The plastic flow in the workpiece was observed in situ at high resolution using an optical microscope (Nikon Optiphot) attached to a high-speed CMOS camera (PCO dimax). The region of interest was illuminated by a 120 W halogen lamp. A frame rate of 150 frames per second was used at a resolution of 1.4 µm per pixel.
The image sequences obtained were analysed using methods of particle image velocimetry (PIV) [19] comprehensive record of material velocity, strain rate and strain field histories was derived, enabling quantitative characterization of material deformation. The flow was visualized using streaklines, 1 and pixel-level strain and strain-rate fields. Additional details of the PIV analysis are provided in [11] .
The workpiece material was 99.99% oxygen-free high-conductivity (OFHC) copper (Alloy 101, McMaster-Carr), in the form of a slab of dimensions 50 × 25 × 3 mm. This material, in its annealed state, represents a prototypical ductile metal with large strain-hardening capacity. The workpiece was cut both in the annealed and hardened condition.
Annealing was performed by heating the workpiece in argon at 750 • C for 4 h and oven cooling to room temperature. This heating in an inert atmosphere, apart from annealing, also revealed the underlying microstructure by thermally etching the workpiece sample [20] . The average grain size was approximately 500 µm and the Vickers hardness H was 68 HV (kg mm −2 ) after annealing (see appendix B for additional details).
Hardened Cu samples were prepared by pre-straining the workpieces to a strain of approximately 2.5 by sliding against a wedge with a rake angle of α = −65 • at 1 mm s −1 . Two sliding passes were performed to ensure a fully hardened surface layer. The Vickers hardness was 120 HV.
Aluminium foil cutting samples were prepared by gluing a 15 µm thick foil to a copper workpiece using a cyanoacrylate-based adhesive (Gorilla Super Glue). The thickness of the adhesive layer was approximately 100 µm. V 0 and h 0 were fixed at 0.1 mm s −1 and 115 µm, respectively.
The cutting tool was made of high-speed steel (Mo-Max M42 cobalt) with edge radius less than 5 µm. All cutting experiments were done using Mobil 1 5w-30 lubricant. Side flow of the workpiece was prevented by the use of an optically transparent glass plate as a constraint. All experiments were performed at room temperature (T = 300 K). The cutting force (parallel to V 0 ) and normal force were measured using a piezoelectric dynamometer (Kistler 9272). The measured forces were used to assess the stability of the flow mode (see appendix A).
Results
The high speed, in situ observations have captured the flow modes and their mesoscopic characteristics in cutting of annealed and hardened copper, including a new mechanism of cutting involving plastic buckling at the surface. The relative stability of different flow modes in cutting is analysed using a phenomenological model. 
(a) Sinuous flow and its development
The occurrence of sinuous flow in annealed Cu is revealed by the underlying streakline pattern and strain fields in the chip (figure 2a). Repeated folding of the metal results in wavy streaklines. Correspondingly, a highly non-homogeneous strain distribution is seen in the chip with alternating regions of high (approx. 5) and low strains (approx. 2) (background colour in figure 2a ). The cutting force for this flow mode was 800 N and the final chip thickness of h c 10h 0 . By contrast, when the same sample was strain hardened prior to cutting (prestrain ∼ 2.5), the sinuous flow disappeared and was replaced instead by laminar plastic flow. As seen in figure 2b , the streaklines are now smooth, and the strains much smaller and homogeneous. Correspondingly, the cutting force was now only 200 N and final chip thickness h c = 2h 0 . The flow thus transitions from sinuous to laminar as a response to a change in the material's ductility or workability [11] .
The folding process responsible for sinuous flow is initiated by the formation of a protuberance or a bump ahead of the advancing tool. The evolution of one such protuberance into a fold is shown in the sequence of frames presented in figure 3 . The initial bump is 'pinned' between the two material points P 1 and P 2 (see at arrows in figure 3a) . As the tool advances, the metal slides up along the tool face and the pinning points approach each other ( figure 3b,c) . Consequently, the bump continuously grows in amplitude and evolves into a fold (figure 3d). This continuous increase in the size of the bump with applied load closely resembles the plastic buckling of an inelastic column [21] . The formation of the bump, as a precursor to the actual fold, arises due to a buckling instability as the material remains fixed at the pinning points (P 1 , P 2 in figure 3 ). In contrast with material pile-up such as around scratches or indentations [22, 23] , where a protuberance is developed due to the addition of new material, buckling causes material at the free surface to form a bump by deflection between P 1 and P 2 . The entire process then repeats leading to a series of folds that stack up closely on top of each other to form the chip. The folding process, with ensuing sinuous flow, represents a new stable plastic flow mode, and is not merely a transient phenomenon.
That the formation of a bump is due to buckling of material near the free surface is reinforced by observations of the strain field. Buckling, and more generally bending of columns, is characterized by strain gradients from the convex to the concave side of the bending column. This is also observed in our experiments, as seen in figure 4 . The figure shows four frames from the same high-speed sequence, delineating the formation of a single fold (between red/green arrows). The instantaneous material strain, obtained from PIV, is overlaid on each of the frames. Beginning with the bump initiation (time t 0 , figure 4a), the strain distribution in the vicinity of the incipient fold shows a gradient from the free surface (convex side, red arrow) to the material interior (concave side, green arrow). In fact, this gradient is amplified as the fold enters the chip (figure 4c) and results in the inhomogeneous strain field and microstructure in the chip (figure 4d). A wide distribution of fold sizes is observed in the chip, reflecting the underlying variation in material grain size and local strain intensity. The initial fold width is defined as the distance between pinning points P 1 , P 2 at the instant the bump forms on the free surface, while the final fold width is the distance between these points after the folding is complete. The initial and final fold widths are 240 ± 105 and 84 ± 52 µm, respectively. The final fold amplitude is 71 ± 51 µm. Numerical details of the fold analysis are provided in appendix C.
Even though the observations are confined to a two-dimensional plane, it is important to note that folding occurs across the entire width of the chip. A sample SEM image of the back surface of the chip is shown in figure 5 . The bumps (mushroom-shaped structures) on this back surface result from fold formation in sinuous flow. Multiple folds are observed along the width of the chip, correlated with grains in the material. Since the grains themselves do not span the entire width of the chip, this observation is consistent with the grain-scale mechanisms for fold formation presented in a later section. It is important to note that the formation of the folds cannot be inferred a priori purely by a post-mortem analysis-the mushroom-shaped structures can easily be misinterpreted as micro-cracks on the free surface [2, 7, 8] , when they are in fact a result of repeated folding.
The role of buckling in nucleating sinuous flow and chip formation is explicitly established by the following experiment. A piece of aluminium foil of thickness 15 µm was bonded to the surface of a copper sample using a cyanoacrylate-based adhesive (Gorilla Super Glue). The flow was observed in situ at V 0 = 0.1 mm s −1 , and h 0 = 115 µm (equal to the foil+glue thickness). Figure 6 shows four frames from this sequence with streaklines marked on the deforming Al film. The high-speed image sequence of the cutting is also shown in electronic supplementary material, movie S1. It is apparent from the images and the movie that the foil first buckles and forms a bump or protuberance between fixed (pinning) points Q 1 and Q 2 in the compressive zone ahead of the tool (figure 6a). This bump is subsequently rotated and sheared (figure 6b,c) causing it to collapse into a fold (figure 6d). In the course of this folding, the foil delaminates. Visually, the kinematics of the flow and the streakline patterns are similar to the sinuous flow shown in figure 3 . The 'chip' formed in this experiment once again comprised a series of folds, each of which is nucleated by a buckling instability ahead of the tool. The final fold width and amplitude are 150 ± 42 µm and 450 ± 12 µm, respectively. Interestingly, surface plastic buckling of a similar type has been observed in a class of shearand tube-spinning processes [24] , which employ a very similar deformation geometry, albeit without chip formation. In these processes, the buckling can even lead to delamination of the component being spun from the mandrel on which it is mounted. In fact, this buckling-induced delamination places key limitations on processing [25] .
(b) Plastic buckling model
The in situ observations have established the mechanics of the folding process accompanying sinuous flow. As discussed in §3a, the first step in fold development is a buckling instability on the free surface. In order to predict the occurrence of folding and sinuous flow, we now present an analytical buckling model. This model helps establish the relative stability of sinuous and laminar plastic flows in cutting. The workpiece is assumed to consist of two parts-a deformable beam of length L, thickness h 0 and out-of-plane width b, that is attached to a rigid substrate via a series of springs with stiffness K (figure 7). The beam represents the undeformed chip subjected to a force F load due to the advancing tool. The end of the beam close to the tool is assumed to be simply supported (pin-joint) to enable it to slide against the tool face while the other end is assumed clamped. These ends represent the pinning points. The length L of the beam is the surface extent of the plastic zone ahead of the tool. This latter quantity is estimated using Flamant's solution for a concentrated normal/ tangential load system [26] The tangent modulus is defined as the slope of the stress-strain curve in the plastic region and governs the plastic buckling process [21, 27, 28] . It was shown by Shanley in 1947 that the buckling load for plastic beams, now called the Shanley load, is equal to the Euler elastic buckling load with the Young's modulus replaced by the tangent modulus. The nature of the plastic buckling is different from the elastic case as a plastic beam does not snap through to a configuration of large deformation at the Shanley load, but rather begins to deviate continuously from the straight configuration. E t is obtained for Cu using the Johnson-Cook constitutive model [29] . Since the rigid substrate is of the same material as the beam, an estimate K = E t b/h 0 is used for the spring constant. The F buckle is obtained as a function of L using a numerical continuation procedure implemented using the AUTO package [30] , analogous to computation of elastic buckling loads [31] . Additional details of the model and computations of the plastic buckling load are provided in appendix A. The buckling curves F buckle (L) (dashed) for annealed Cu (red) and hardened Cu (blue) are shown in figure 8 . The discontinuity in these curves at larger L is due to a change in the buckling mode, just as in the case of an elastic beam [31] . The inset curves (black) in the figure show the physical change in the buckling mode. It was confirmed that F buckle was much lower than the elastic buckling load so that the latter does not warrant further consideration.
The force needed to cut the material via laminar flow is denoted F lam . At this force, the beam is plastically deformed smoothly into the final chip shape. Force measurements during cutting of hardened Cu, reveal According to the Flamant analysis, L increases linearly with F load for given values of E t , b and h 0 . The slope of this line, called the F load line, is proportional to the yield stress of the workpiece material. The F load lines (solid) for annealed and hardened Cu are shown in red and blue, respectively, in figure 8 .
Within this framework, the occurrence of sinuous or laminar flow is explained by considering their relative stability. Consider a load-controlled experiment in which F load is increased from zero under the assumption of prevailing laminar flow. 3 If the F load line intersects the F lam line first, then the beam is deformed to the chip via laminar flow. Under these conditions, laminar flow is the stable deformation mode. By contrast, if the F load line intersects the corresponding F buckle (L) curve first, then the beam will buckle before chip formation. Then a bump will be nucleated on the free surface and sinuous flow with folding will ensue.
In the case of annealed Cu, the F load line (red) is seen to first intersect the buckling curve (point B). Hence the material buckles first and sinuous flow is the stable flow mode, as observed in the experiments ( figure 3 ). In the case of the strain-hardened Cu, the F load line (blue) intersects the F lam line first at the point A, before it intersects the buckling curve. Hence, laminar flow is now the stable deformation mode and buckling does not occur. This change in stability of the laminar flow mode is due to the higher yield-strength of the strain-hardened Cu as compared to the annealed Cu.
Besides explaining the occurrence of sinuous flow, the model predicts a transition from sinuous to laminar flow in annealed Cu when F lam is reduced. This may be done by changing the deformation geometry, for example, by increasing α (figure 1) [2] . When α = 45 • , F lam is estimated to be 110 N, using the laminar cutting model [1] . This value is about one-half that for α = 0 • (F lam = 200 N). As a result, the green F lam line in figure 8 is shifted downward along the force axis. For this deformation geometry (α = 45 • ) both the annealed and hardened F load lines intersect the F lam line before the F buckle curves. Hence, laminar flow is the stable mode and should occur with both the annealed and hardened Cu. The flow for α = 45 • is shown in figure 9a for annealed Cu. As predicted by the model, there is no buckling on the free surface and the flow is laminar. The h c /h 0 ratio decreases from 10 for sinuous flow to 1.8, quite typical of laminar flow. This flow mode is reproduced in the equivalent Al-foil cutting experiment with α = 45 • (figure 9b). Here again, the foil does not buckle and the flow is smooth, in stark contrast with the case of α = 0 • (figure 6). In both the annealed Cu and Al foil experiments, the smooth laminar flow, along with near-complete absence of any folds or buckles, shows that it is possible to also transition from sinuous to laminar flow by simply changing the deformation geometry.
(c) Role of microstructure and post-buckling deformation
While the analytical model makes verifiable predictions of the essential features of sinuous flow, it does not incorporate the actual microscopic mechanisms involved. It is known that instabilities, such as necking, buckling or creasing, are in general quite sensitive to geometrical imperfections and microstructural heterogeneities [27, 32, 33] .
To explicitly study the role of grain-level dynamics and deformation, Cu samples were polished and thermally etched so as to directly reveal the grain structure under optical imaging (see §2). The grain size in the Cu after annealing was ≈ 500 µm, smaller than the expected size of the plastic zone (approx. 800 µm). The sample was then cut under the same conditions where sinuous flow occurred (figure 3) and the flow observed in situ. Figure 10 contains frames from a high-speed sequence that show deformation of an individual grain (in green) during cutting. A video sequence of the same is presented as electronic supplementary material, movie S2. A number of interesting observations may be made from this sequence. Firstly, the plastic buckling instability is clearly visible at the single grain level, causing a bump to nucleate on the free surface (figure 10a, t = t 0 ). The pinning points P 1 and P 2 (see at arrows) that bound the bump are seen to coincide with grain boundaries. The size of the bump is a combination of the size of the grain and its relative orientation with respect to adjacent grains. The bump is then seen to amplify in size as it approaches the tool (figure 10b). Upon further shearing while traversing the tool, it develops into to a highly deformed and elongated grain ( figure 10c,d , t = t 0 + 5.7 s). It is now clear how deformation of individual grains leads to the formation of mushroom-like structures on the back of the chip (cf. figure 5) . Based on an analysis of 25 folds in the image sequence, it was found that approximately 75% of the folds had free surface grain boundaries as pinning points. A good estimate of the initial fold-width is, therefore, the distance between the grain-boundaries at the surface. PIV analysis revealed this to be 240 ± 105 µm, which compares fairly with the average grain size of 500 µm. Thus, the wide distribution of fold widths can be attributed to variation in the grain size. Secondly, the role of grain-anisotropy in influencing the deformation and folding is revealed by microstructural characteristics ( figure 11 ). Slip bands are observed in the vicinity of the tool in figure 11a) . The slip-band orientations vary from grain to grain, depending on where the critical resolved shear stress is first reached. Also, it may be seen from figure 11b,c that buckling does not always occur in the grain closest to the tool. For example, there are instances where grains immediately ahead of the tool do not form a bump, but some grains father away readily do. Similar grain anisotropy effects have been reported in sliding [34] .
Discussion
The observations and analysis have demonstrated that the mechanism responsible for sinuous flow in simple shear and cutting of ductile metals is plastic buckling of a thin surface layer. This buckling results in a small bump or protuberance on the workpiece material surface just ahead of the wedge. Once the bump is nucleated, it evolves into a fold of significant amplitude by rotation and stretching, as it traverses the region of large strain deformation ( figure 3a) . The repeated occurrence of buckling and folding results in the sinuous flow, and the observed large shape transformation of the workpiece material into the chip. Sinuous flow is thus a mode of mesoscopic deformation that results in material removal by plastic buckling. It complements the other well-known modes of material removal by laminar flow [1, 2] and shear band flow [12, 35, 36] . Each of these flow modes result in chips with distinct morphologies and can be mapped to a well-known chip classification scheme due to Nakayama [8] . Sinuous flow results in a chip with characteristic mushroom-shaped features (figure 5) on the back surface, and corresponds to the Type-1 chip in this classification system. Interestingly, all of these three flow types can be reproduced in the same material system and under similar deformation conditions, simply by varying the initial strain state of the metal; an annealed state gives rise to sinuous flow, while partially and fully hardened states promote laminar [11] and shear band flows [37], respectively. Hence, the exact mechanism of material removal in cutting of metals is determined by the relative stability of each of these modes, as a function of the initial material state.
Our model for buckling predicts when laminar and sinuous flows will occur in Cu, based on their relative stability. In fact, buckling in hardened Cu should be easier as it requires a lower force due to the lower E t (figure 8). However, prediction of the stable flow mode is only possible by simultaneously considering the plastic zone size, and the forces F lam and F buckle . The model predictions of flow, and its estimates of fold spacing and relation to grain size, are consistent with those measured in the experiments.
Material microstructure heterogeneities, when present, influence the precise details of the buckling, for example, by modulating the fold widths. In the present instance, grain boundaries constitute the heterogeneities, as confirmed by in situ observations of the grain-level deformation and buckling ( figure 10) . However, the grain-size distribution introduces scatter in the foldwidths that the model cannot account for. The influence of microstructure is also apparent from the mushroom-like chip morphology (figure 5)-the existence of grains introduces a distribution of folds along both the length and width of the chip.
Since our model, like any other buckling system, requires the existence of some local heterogeneity, other sources of heterogeneity apart from grains may be envisaged. Immediate examples include kinks, second phases and triple junctions [38] , which may also contribute to fold formation. In certain instances, the heterogeneities maybe formed during the cutting process itself, such as, for example, in certain semi-amorphous polymers without mesoscale material structures. In fact, we have also observed folding and sinuous flow in recent cutting experiments with polypropylene.
In order to explicitly account for microstructural features within a predictive model, recourse is usually taken to finite-element (FE) techniques [39, 40] . In one FE approach, the workpiece is partitioned into polyhedra, for example, using Voronoi tessellation [41] . Each polyhedron represents an individual grain and is assigned properties distinct from its neighbours to account for grain anisotropy. The grains are then treated as individual continua and deform as an 
Another approach, commonly called crystal plasticity finite elements (CPFE), delineates and tracks individual dislocation-scale slip systems and deformation mechanisms. CPFE has been used to study the deformation of single crystal and polycrystal systems with remarkable success [42] . However, most of the studies have been restricted to strain in the regime of approximately 0.1 to 1. Such low strains are typical of processes such as sheet-metal forming. However, in our cutting experiments, strains well over 2.5 are common, with maximum values of approximately 8 in the case with sinuous flow. At these large strains, significant grain-refinement and deformation effects are observed, which are not readily incorporated into current CPFE techniques.
In addition to these challenges, the general use of numerical FE schemes requires a priori knowledge of a bifurcation in the solution path. For example, while evaluating the safety of a certain structure, it is necessary to solve a separate eigenvalue problem to check for linear buckling instability in addition to the usual computation of stresses [43] . This requirement places significant constraints on the predictability of FE models without a priori inputs from either experiments or analytical models such as the one presented in this work. We are optimistic that our observations, and their apparent ubiquity in ductile metal systems, will help generate more interest in extending these numerical techniques to large strain deformation processes.
From a manufacturing standpoint, sinuous flow is to be avoided in cutting of metals because of its adverse effects on quality of the newly generated surface-poor surface finish, and surface crack-like and tear-like features likely due to the accompanying large forces [7] . These features on the cut surface are distinct from topographical features that may arise from deformation processes operating at the tool-tip (e.g. ductile fracture [44] ). The large forces during sinuous flow could also lead to chatter vibrations during cutting.
The buckling model suggests material-agnostic strategies for suppression of sinuous flow, offering opportunities for improving surface quality in machining processes. This suppression can be achieved, for example, simply by cutting with a tool of large positive rake angle α, a deformation geometry that inhibits buckling and promotes the laminar flow mode ( figure 9 ). There is a corresponding decrease in the cutting force and improvement in the surface finish.
As with structural columns, buckling may also be prevented by application of a (transverse) constraint to the free surface of the workpiece just ahead of the tool, where the bump is nucleated. The use of such a constraint has also been found to be successful in laboratory-scale cutting experiments. In cutting with a constraint, the stable sinuous flow mode was replaced with laminar flow instead with force reduction and attendant improvements in surface finish.
Another, perhaps more intriguing, possibility for suppressing sinuous flow is the use of a metal-marking ink film that adheres well to the material surface. Such a film was also found to inhibit the sinuous flow [11] , suggesting that suitable films can act as constraints to the buckling. In all of these cases, the suppression of the sinuous flow resulted in much lower cutting forces, and significant improvements in surface finish and quality. The technological implications for machining processes are apparent.
A possible casualty of our study is the long-standing phenomenological model for cutting of ductile metals proposed by Merchant about 70 years ago and still widely used [1] . This model describes continuous chip formation in cutting to occur by smooth laminar flow. The most prototypical example of a ductile metal is an annealed metal and none more so than the annealed copper studied here. Yet, our observations show that the buckling-triggered sinuous flow is the dominant mode in cutting of annealed and highly ductile metals negating the Merchant model and its many variants [1, 2] . While exceptions to the laminar flow model were known to exist, such as material removal by shear band flow, these exceptions were never considered to apply to annealed metals because of their extraordinary ductility. The sinuous flow mode driven by buckling in annealed metals is not an exception, but is observed in a range of metals such as Al, α-brass, low carbon steels and pure iron, with important technological consequences. A need to revisit the foundations of metal cutting is in order. 
Conclusion
Using high-speed in situ imaging, we show that the cutting of relatively soft annealed metals, which exhibit large ductility and strain-hardening capacity, occurs by plastic buckling of a thin layer on the workpiece surface ahead of the tool. The buckling causes a small bump to form on the workpiece surface which then evolves into a fold of large amplitude by rotation and stretching in the deformation zone. Repeated buckling and folding is manifest at the mesoscale as a sinuous flow mode with significant vortex-like components. This type of flow mediates the very large shape transformation of the workpiece material into the chip in annealed metals, resulting in large forces and energy dissipation. The role of material microstructure in mediating the folding and sinuous flow is also revealed by in situ observations of grain deformation in cutting.
A plastic column-buckling model is presented to explain the development of the sinuous flow in annealed metals. The buckling model predicts the regime where laminar flow will break down, based on the stress-strain curve of the material. Furthermore, it shows that laminar flow is the preferred mode in hardened metals. The model was validated with experiments and its predictions of laminar flow stability verified. The observations and analysis explain why annealed metals are much more difficult to cut than the same metal in an initially hardened state; and the critical role of plastic flow stability in controlling the mechanics of plastic deformation in cutting of metals. Plastic buckling loads of beams are obtained by replacing the Young's modulus in the Euler load with the tangent modulus [21] . In the present case, the plastic zone is modelled as a beam on a foundation. The effect of the foundation on the buckling load/ and mode is calculated from the solution for an equivalent elastic beam, with modulus set equal to the tangent modulus of the material.
The basic equations for the plastic beam on a foundation (figure 7b, main text) are The system of equations (A 2)a-d is non-dimensionalized as
can be written as
where η = L/(E t bh 3 0 /12K) 0.25 characterizes the buckling response of the beam.
The boundary conditions are
and
The value of F load at which the beam buckles, called F buckle , as well as the stable buckling mode, are obtained by bifurcation analysis of equations (A 4) and (A 5). A continuation procedure is used for this, as implemented in the AUTO package [30] . This gives the F buckle (η) curves for annealed/hardened Cu (see main text). 
where is the experimental strain, A is the yield stress, B is the hardening modulus and n is the hardening coefficient. The tangent modulus, E t = dσ/d = Bn n−1 . For annealed Cu, B = 292 MPa and n = 0.31. For annealed Cu, with pre-strain 0.03, E t = 1.0 GPa, and for hardened Cu, with pre-strain of 2.5, E t = 48 MPa.
Appendix C. Numerical details of fold analysis
The folding is captured by streakline data, generated from PIV calculations. Each streakline is a two-dimensional plane curve parametrized by time. It is characterized by (spatially and temporally varying) curvature, which contains information about individual folds. The curvature at a point is calculated by numerically evaluating the spatial derivative of the unit tangent along the streakline. Points of maximum and minimum curvatures are tracked temporally in the streakline-points of maximum curvature are fold peaks while those with minimum curvature (negative values) are fold valleys or pinning points. The part of the streakline between two successive pinning points is defined as a fold; the distance between pinning points gives the fold width.
